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CHAPTER I
INTRODUCTION
Abiotic stresses cause extensive losses to agricultural production worldwide
(Boyer, 1982; Bray et al., 2000). Among those stresses, the availability of nitrogen (N)
and water is considered as two of the major limiting factors in crop growth, development,
and finally economic yield (Glass, 2003; Parry et al., 2005). The majority of crops,
except N-fixing legumes, receive an application of N, the amount and application time
dependent on crop growth stage, weather, and soil N status. Major requirements are for N
production of seed (Mengel et al., 2006) and forage (Kingston-Smith et al., 2006). The
current global application of N is estimated to be around 100 billion kg of N per annum, a
20-fold increase over the past 50 years, at a cost of about 50 billion US dollars (Glass,
2003). In many agricultural landscapes, a very substantial portion of this applied N is lost
from soil to groundwater, rivers and oceans and into atmosphere through de-nitrification
(Jaynes et al., 2001; Glass, 2003) because crop plants are only able to convert 50 to 80%
of this applied N to useful products such as grain, seed and forage (Raun and Johnson,
1999). This concern has led to the development of site–specific management of N (Power
et al., 2000) although adequate supply of N to crops is needed to optimize crop yields. It
is important to check the plant N status timely in plants such as castor where the growth
is indeterminate and requires optimum N nutrition at all stages of plant growth.
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Developing alternate crops and the utilization of bioenergy crops produced on
American farms as a source of renewable fuels are concepts with great relevance to
current ecological and economic issues at both national and global scales. Castor (Ricinus
communis L.), a fast growing C3 plant native of tropical Africa (Weiss, 1971), is being
investigated as a new biodiesel and well as an industrial crop in the United States and
around the world because of its oil quality and quantity for plant-based, environmentallyfriendly paints and coatings in the in chemical industry (Derksen et al., 1995). Castor
with an average global yield of 902 kg ha-1 with 40 to 60% oil (FAO, 2005; Dovebiotech,
2006) is more suitable and viable as a biodiesel crop than the traditional crops such as
soybean and sunflower with an average yield of 2,382 kg ha-1 with 25.5% of oil and
1,316 kg ha-1 with 18% oil, respectively (Pimentel and Patzek, 2005; FAO, 2006). In
addition, castor oil is the only commercially available natural hydroxylated fatty acids
(Glaser et al., 1993) extensively used in polymers, lubricants, polyurethane coatings,
cosmetics, plastics, and others. The crop can become a cash crop in modern agriculture,
in particular, for non-food uses including bioenergy purposes (Vignolo and Naughton,
1991; Murphy, 1993).
Responses of plants to N nutrition are of considerable importance in agriculture.
Crop yields have been steadily increasing over the last 60 years by a combination of
improvements in genetics and management practices including N (FAO, 2006).
Although N supply frequently limits growth and development of several crop species
under field conditions, the precise mechanisms by which the limitation occurs are still
unclear. Limited N supply decreases rates of cell division and cell expansion (Roggatz et
2

al., 1999), photosynthesis, leaf production, and tillering (Chapin, 1980; Clarkson and
Hanson, 1980; Evans, 1983; Radin and Eidenbock, 1986; Sinclair and Horie, 1989;
Reddy et al., 1997; Gerik et al., 1998; Zhao et al., 2003, 2005a; b), and yield (Zhao et al.,
2007). It is not clear, however, which of these processes is affected first or more strongly
by N deficiency. It has been known for a long time that N deficiency affects more
strongly the leaf area development than photosynthesis (Watson, 1952; Wong, 1979;
Radin and Boyer, 1982). Radin and Mauney (1986) and then Gerik et al. (1998) in their
reviews described many of the responses of plants to N deficiency. They described that
the effects of low N nutrition of plants as causing lower photosynthetic rates, slower leaf
expansion resulting from lower hydraulic conductivity and altered responses to water
stress. From this analysis, it is obvious that plant species often exhibit substantial
variation in rates of leaf level carbon gain and resource use.
Castor N requirements in the United States, however, are relatively high
compared to other oil seed crops such as soybean, an N-fixing leguminous plant and
variable depending on the soil organic matter, ranging from 40 to 100 kg N ha-1 (Oplinger
et al., 1990). Critical leaf N levels, functional relationships between leaf N and growth
and developmental processes, and developing rapid and less expensive diagnostic tools
for spatial and temporal estimation of plant N status for castor are needed for producers
to manage their crop for optimum yields under varied growing conditions.
Despite enormous amounts of research on crop nutrition during past several
decades, many of the specific relationships required to an understanding of the role of N
within the plants and to develop decision support tools appear to be missing or not
3

quantified in many crops. This is particularly true in castor because of its minor crop
status; global cultivated area for castor is 1.26 million ha compared to 23.8 and 93.0
million ha for sunflower and soybean, respectively (Peuke et al., 1994a; b; Roggatz et al.,
1999; FAO, 2006). Estimation of plant N status in the field along with critical leaf N
levels for various growth and developmental processes will be required for farm
managers to manage castor production precisely. In order to monitor plant health status
periodically covering large areas, new and emergent techniques such as the use of crop
simulation models (Hunt et al., 1998; Jones and Barnes, 2000; McKinion et al., 2001) and
remote sensing of plant health for precision crop management have been used (Barnes et
al., 2000). Remote sensing, in particular, has the capability of delineating stress
anomalies across the farm landscapes if combined with mapping technologies such as
geographic information and geographic position systems to provide spatial and temporal
variation in crop growth and health. These technologies are much more superior when
compared to the laborious laboratory-based traditional methods determining plant N
status.
Remote sensing features of leaves and canopies are being used in agriculture as
indicators of crop growth, nutrient status and yield development. Studies suggest that
crop spectral reflectance can be used to detect abiotic and biotic environmental stresses
(Carter and Miller, 1994; Filella et al., 1995; Osborne et al., 2002; Reddy et al., 2003;
Kumar et al., 2005; Kakani and Reddy, 2006), assess plant nutrient and pigment status
(Thomas and Gausman, 1977; Walburg et al., 1982; Chappelle et al., 1992; Blackmer et
al., 1994; Carter et al., 1994; Filella et al., 1995; Blackmer et al., 1996; Stone et al., 1996;
4

Gitelson and Merzlyak, 1997; Daughtry et al., 2000; McNairn et al., 2000; Tarpley et al.,
2000; Afanasyev et al., 2001; Carter and Knapp, 2001; Osborne et al., 2002; 2004; Read
et al., 2002; Strachan et al., 2002; Zarco-Tjeda et al., 2002; Goel et al., 2003; Mutanga et
al., 2003; Fridgen and Varco, 2004; Zhao et al., 2005a, b; Balckburn, 2007), estimate
plant growth and physiology (Pinter et al., 1981; Penuelas and Filella, 1998; Serrano et
al., 2000; Broge and Leblanc, 2001; Zhao et al., 2003), forage quality (Hinzman et al.,
1986; McMurtrey et al., 1995; Starks et al., 2004, 2006), monitor plant conditions at
various scales (Blackmer et al., 1994; Deguise et al., 1998; Plant et al., 2001), crop
biophysical variables (Thenkabail et al., 2000; Goel et al., 2003), and predict crop yields
(Blackmer et al., 1994; Ma et al., 2001; Plant et al., 2001; Osborne et al., 2002).
The absorption and reflectance characteristics of plant molecules at different
regions of electromagnetic spectrum differentiate the healthy and stressed plants.
Chlorophyll is the main component responsible for absorption of blue and red lights and
reflection in green and infrared regions. Any kind of stress in plants is visible primarily in
the regions of 535-640 and 685-700 nm, with an increase in reflectance in these regions
(Jenson, 2000). This is because deficiencies such as N causes decrease in chlorophyll
pigments that absorb light in these wavelengths and hence the light is reflected back.
Several reports documented that chlorophyll content was the most important independent
factor affecting leaf reflectance under varying N levels (Thomas and Gausman, 1977;
Buscaglia and Varco, 2002; Read et al., 2002, Zhao et al., 2003; 2005a; b). Spectral
reflectance from the visible and near-infrared regions were used to detect crop stress and
N status in crops such as corn, cotton and, sorghum (Tarpley et al., 2000; Pattey et al.,
5

2001; Ian et al., 2002; Zhao et al., 2003, 2005a, b). A shift in red-edge (680 – 750 nm) to
shorter wavelengths is also shown to indicate stress in plants (Zhao et al., 2003). A
combination of reflectance bands in red-edge and near-infrared (NIR) regions were used
to detect the crop N status (Tarpley et al., 2000; Zarco-Tjeda et al., 2002; Fridgen and
Varco, 2004). Lillesand and Kiefer (1987) found that reflectance in the NIR region of the
spectrum is directly proportional to the biomass and is primarily due to the internal
structure of the plant leaves. To date, however, there are no studies relating spectral
properties of leaves with N nutrition in castor. Remote sensing tools such as infrared
thermometry and reflectance for water stress monitoring were earlier studied in castor.
Kumar et al. (2005) found significant negative correlation with canopy-air temperature
differential and soil moisture and reflectance in the near-infrared region of the
electromagnetic spectrum, which was used in differentiating inherent genotypic
variability to water stress in castor.
Although castor N uptake and nutrient flow (Peuke et al., 1994b) and N effects on
leaf ontogeny and growth received some attention (Roggatz et al., 1999), to date, there
are no reports on identifying relationships between crop N status and leaf reflectance
properties in castor. In addition, there are no reports on quantitative relationships between
leaf N and castor crop growth and developmental processes. Therefore, we hypothesize
that critical N levels vary depending on growth and developmental processes, and growth
and developmental processes differ in their responses to leaf N levels in castor. We also
hypothesize that hyperspectral reflectance properties of leaves can be used to rapidly and
precisely estimate leaf N and pigments levels across a wide range of fertility levels. To
6

test our hypothesis, an experiment was conducted in 2006 growing season in an outdoor,
pot-culture facility using fertility rates to achieve a wide range of leaf N levels. The
objectives of this study were to investigate the effects of N deficiency on castor leaf
reflectance, growth and development, and physiology, derive functional relationships
between castor leaf N and growth, development, and physiological parameters, derive
functional relationships between leaf spectral reflectance and leaf N and photosynthetic
pigments, and finally identify N-specific wavebands that can be used for castor plant N
monitoring. We expect reflectance-based functional algorithms that are sensitive to leaf
N deficiency symptoms along with critical leaf N levels would provide adequate
information that can be used to manage castor crop site-specifically when no other
nutrients are deficient. The intended outcome will be to apply the necessary amounts of N
fertilizer when and where it is needed to optimize castor N management for maximum
yield.
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CHAPTER II
REVIEW OF LITERATURE
2.1 Bioenergy production
In the present scenario of climate change including increasing global warming,
use of renewable energy sources helps in mitigating the contribution of fossil fuel
burning to the global warming. Biomass is the most common form of renewable energy
produced by plants. Plants produce biomass through photosynthesis, the process in which
light energy gets converted and stored as organic matter with chemical bonds. Generally,
plants utilize less than 1% of solar energy, which is converted to biomass. This biomass
should be efficiently processed to extract the energy stored in the chemical bonds. The
resulting energy product when combined with oxygen, in turn, produces CO2 and water
as the end products. This CO2 will be again taken by the biomass producing plants and
the level of atmospheric CO2 does not increase due to this cyclic process. This can reduce
the time lag between production of CO2 from fossil fuel burning and its intake into the
plants, since the plants will be again ready to take in the atmospheric CO2. In order to
fulfill this, bioenergy crops should be fast growing.
An ideal energy crop should be high yielding (maximum production of biomass
per hectare) and require low energy inputs thus with lower production costs. It should
have composition with least contaminants and low nutrient requirements (McKendry,
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2002). Biodiesel can be produced not only from the dry biomass but also from the oils
produced by crops like soybean, rapeseed and castor. In the process of making
biodiesel from plant oils, the oils should be dissolved in alcohols in order to convert
them into fuels. Plant oils that dissolve easily in alcohols and crops that have reasonable
high seed yield and high oil content seeds are preferred in biodiesel production. Castor oil
has these qualities, thus making it a favorite for biodiesel crop for any region where
climatic conditions are conducive for production.

2.2 Castor crop
Castor bean belongs to the family Euphorbiaceae and the sole member of the
genus Ricinus and sub tribe Ricininae. It’s not a bean plant and does not belong to the
group of beans. It’s a C3 plant and has been cultivated for the oil produced by its seeds. It
is a native of tropical Africa and may have originated in Abyssinia (Weiss, 1971). Castor
oil is one of the oldest commercial products. Castor seeds contain a variable percentage
of 40-60% oil averaging 50%, which is quite high when compared to any other oil seeds
available (Brigham, 1993). The seeds, leaves and stems of castor plant contain ricin and
ricinine, poisonous compounds that can cause death on consumption. The oil is
thoroughly used in military aircrafts for lubrication, in hydraulic fluids, and in the
manufacture of explosives (Brigham, 1993). It is also used in textile industry in dyeing
and finishing of textiles and leather. It is useful in the synthesis of soaps, linoleum,
printer’s ink, nylon, varnishes, enamels, paints and, electrical insulations. Castor bean
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meal or pomace is the residue left after the oil extraction from the seed and is used in
fertilizer mixtures.
Castor crop is very much suitable for biodiesel production. Castor plants can be
grown on marginal soils that are not suitable for food crop production. Moreover, castor
oil does not compete with food grade oils. Castor crop requires only moderate rainfall
and it has relatively high yield. Under conditions of no fertilization, castor yields as high
as 350 to 650 kg oil ha-1 have been reported (Dovebiotech, 2006). The oil concentration
in castor seeds is approximately 50%, which is quite high when compared to other oil
sources like soybean, accounting for 17% of oil from seeds. Castor crop requires less soil
fertility and it is suitable for replanting marginal lands for preventing erosion and
desertification. Castor oil is readily soluble in alcohol, which is an important phase in
converting oil into fuel. It doesn’t need any heat or external energy for this process.
Castor oil can be a good source of renewable energy that helps in reducing the
atmospheric CO2 levels. The estimated carbon absorption capacity of castor is 34.6 tones
per hectare with two turns per year (Dovebiotech, 2006).
Castor production is highest in India followed by China, Brazil, Ethiopia and
Paraguay. Worldwide castor production was about 1.4 million metric tones during the
year 2005 with an average yield of about 750 kg ha-1 (FAO, 2005). Castor bean plants are
grown on a limited scale in the United States, even though 40,000 to 45,000 tones of
castor seed oil have been imported each year (Roetheli et al., 1991). United States is the
largest importer of castor seed oil in the world. Castor production in United States can be
dated back to mid-1850s in the central part of the country. During World War I and
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World War II, the production was encouraged due to its importance in military warfare.
Texas was the leading producer of castor by 1959 with production centered near
Plainview (Brigham and Spears, 1961).
Castor generally grows in fine or medium textured soils. Adequate irrigation
ensures quicker germination and it grows well where low relative humidity prevails.
Castor seeds require moist soils for longer times than maize or cotton. Adequate levels of
nitrogen, potassium and phosphorus must be available for higher yields. Split application
of N at 90 to 135 kg ha-1 is desired in case of low soil N levels. Application of P before
planting time and potassium at the time of planting at 37 to 56 kg ha-1 and 15 to 19 kg
ha-1, respectively, is required to ensure yields of maximum potential (Oplinger et al.,
1990).
Castor plant requires good nitrogen fertilization throughout the growing season.
Increasing yields by N fertilization is a common practice among the producers to achieve
more economic returns. Higher N levels results in increased vegetative growth and
decreased seed yields. Therefore, optimum N fertilization is required to achieve good
castor production without creating environmental hazards.

2.3 Nitrogen nutrition
Nitrogen is an important component of mineral nutrition in crop plants.
Deficiency of N will affect the normal growth and developmental and physiological
processes in plants, which ultimately will affect the yield of the plants. It is a common
practice to increase the yields of crop plants by applying additional N. Excessive N
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fertilization, on the other hand, creates environmental hazards like nitrate pollution in
surface water bodies. Contamination of surface bodies with N occurs with N leaching due
to inappropriate farming practices (Willrich, 1969; Keeney and DeLuca, 1993), and
excess N applied results in contamination of surface water bodies due to sub-surface
drainage (Jaynes et al., 1999). Therefore, an optimum application of N fertilizer is
required in order to protect the crop from N deficiency and also to curtail environmental
pollution. Information on critical N levels for various crop growth processes is necessary
to apply judicious amounts of N. Such studies will provide useful information on crop
management practices.

2.4 Effects of N deficiency on growth and development
Nitrogen deficiency leads to reduced growth and a decrease in biomass. Stem
growth rates and other developmental processes like leaf addition and leaf expansion
rates decrease due to N scarcity (Zhao et al., 2003; 2005b).
Cell division is highly dependent on N concentration (MacAdam et al., 1989).
Deprivation of N causes a decline in cell density and smaller final leaf size due to
inhibited cell division. Smaller leaf sizes can be due to low cell divisions or reduced
elongation of cells. Higher ratios of N to C during exponential growth phases indicate the
importance of N in plant growth. MacAdam et al. (1989) reported that number of
mesophyll cells to epidermal cells decrease in N deprived plants.
Cell elongation is also affected by reduced N and the effect is dependent on the
growth stage of the leaves (Roggatz et al., 1999). During initial growth stage of the
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leaves, N deficiency causes decline in cell division and at later stages of leaf
development, cell elongation will be affected, resulting in smaller leaves. Some studies
have shown that reduced final leaf sizes were due to lower cell expansions in N deficient
plants (Radin and Parker, 1979).
Deficiency in N nutrition causes accumulation of photosynthetic assimilates in
roots which results in greater root development and high root: shoot ratios. N deficiency
causes increase in sucrose and decrease in starch concentration. Since sucrose is the
major translocated form of assimilated carbon it will take some effort to export
assimilates to roots. Starch concentration in leaves decreases due to N deficiency. This
will lead to higher root: shoot ratios resulting in greater amount of accumulated dry
matter in roots than in shoots (Ciompi et al., 1996). Peuke et al. (1994b) found that
castor plants grown under low levels of nitrates exhibited higher root: shoot ratios than
plants grown in well fertilized plants.
Decline in N affects physiology and final seed yields in castor (Peuke et al.,
1994a, b; Roggatz et al., 1999). Uptake of nitrates is reduced in N deficient plants and
partitioning of N is shifted to roots. Under N deficiency, long distance transport of
abscisic acid was not stimulated in castor. All these effects lead to a decrease in final seed
yields in plants. On the other hand, excessive N concentrations cause excessive
vegetative growth and delays crop maturity.
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2.5 Effects of N deficiency on pigments
Leaf chlorophyll concentration is directly related to leaf N concentration. With
decline in leaf N concentration, chlorophyll pigment concentrations in the leaf decrease.
Under severe N stress conditions, the total chlorophyll concentrations decrease by about
50% of the healthy plants (Ciompi et al., 1996). Zhao et al. (2005a, b) worked on the
effects of N deficiency on leaf chlorophyll concentrations and found that with decrease in
N fertilization, leaf N and leaf chlorophyll concentrations decreased simultaneously.
Along with chlorophylls, other pigments like carotenoids also decrease with decrease in
leaf N concentrations (Chandler and Dale, 1995; Zhao et al., 2005a ; b). In some studies,
decrease in N concentration resulted in an increase in carotenoids concentrations (Zhao et
al., 2003). Leaf chlorophyll concentrations have a positive correlation with leaf N
concentrations, but the changes in leaf chlorophyll may be smaller than the changes in
leaf N. Several studies revealed the dependence of leaf chlorophyll concentrations on
leaf N and N fertilization (Wood et al., 1992; Wu et al., 1998; Boggs et al., 2003; Zhao et
al., 2005a, b).

2.6 Effects of N deficiency on photosynthesis and physiology
Net photosynthesis decreases with decrease in leaf N concentration (Reddy et al.,
1996). Decrease in photosynthetic pigments might lead to decrease in photosynthetic rate.
Radin and Mouney (1986) stated that decrease in net photosynthesis due to N deficiency
could be attributed to the decline in chlorophyll which is an important photosynthetic
pigment. Zarco-Tejada et al. (2002) found that vegetation under stress is potentially
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indicated by the decline in chlorophyll pigments. Leaf chlorophyll pigments directly
influence the light harvest and initiation of electron transport system of photosynthesis.
The two photosystems, PSI and PSII, of chloroplasts produce oxygen and energy through
a series of reduction-oxidation reactions to transport electrons. Stressed vegetation can be
subjected to various physiological disturbances in the light dependent reactions of
photosynthesis, including disruption of electron transfer, production of deleterious
oxygen derivatives, photobleaching, pigment-bed reorganization, and structural damage
to photosynthetic pigments (Zarco-Tejada et al., 2002).
Some studies showed that decrease in leaf area and fewer leaves could be a cause
of decrease in photosynthesis. The smaller leaf sizes and slower development of canopy
results in ineffective light interception that can lead to decline in photosynthesis. With N
limitation, the cumulative intercepted photosynthetically active radiation (PAR) and
light-use efficiency decrease, resulting in a decrease in photosynthesis and reduced dry
matter production (Delden, 2001). Reduction in N concentration per leaf area increases
the light-use efficiency but decreases the overall net photosynthesis. It was also argued
that photosynthesis might be the least affected process by N deficiency in agricultural
production (Wong, 1979). Decline in N fertilization results in decreased stomatal
conductance. This causes low CO2 exchange rates that result finally in declined
photosynthetic rates. Internal CO2 concentrations increase in N deficient plants (Reddy et
al., 1996) due to reduced stomatal conductance (Chapin et al., 1988) and lower enzyme
activities in leaves. Reduced net photosynthesis is a result of greater stomatal resistance
and less efficient chloroplasts. In some other studies, contrasting results were found,
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where stomatal conductance decreased in N deficient plants. In a study on effects of N
deficiency in sunflower, it was found that net photosynthesis decreased with N stress and
the levels of internal CO2 concentrations, and stomatal conductance increased (Ciompi et
al., 1996). This can support the idea that reduced photosynthesis is due to the reduced
mesophyllic activity, but not due to the stomatal resistance. Maximum photosynthetic
capacity, expressed in terms of total chlorophyll, increases in deficient plants, showing
that N deficiency increases the photosynthetic efficiency in terms of CO2 assimilation per
photosynthetic unit.
According to some authors, N deficiency does not affect the light reactions of
photosynthesis. Under N deficient conditions, the photo-chemical conversion and the
electron transport for the reduction of NADP does not change and the quantum efficiency
of PSII also is not affected (Ciompi et al., 1996). But N deficiency reduces CO2
assimilation and photosynthesis at light saturation levels. This can be due to the reduced
enzyme (Rubisco) activity that in turn affects the functioning of the Calvin cycle (Reddy
et al., 1996).
N deficiency causes decrease in leaf area, which leads to a decreased PAR
interception. Reduction in cumulative PAR causes reduction in canopy photosynthesis.
This leads to less dry matter production and low yields. Light use efficiency (LUE) by the
photosynthetic apparatus decreases due to scarcity (Delden, 2001). The relation between
LUE and leaf N content is more or less linear, and LUE increases with increase in leaf N
concentration (Muchow and Sinclair, 1994).
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2.7 Use of remote sensing in natural and agricultural systems
Every plant molecule absorbs or reflects some part of the energy when a molecule
of photon strikes it. Each molecule absorbs or reflects light energy in its own
characteristic wavelengths of electromagnetic (0.35-0.70 µm) spectrum. Pigment
molecules in plants absorb wavelengths of light in the visible region of electromagnetic
spectrum. Chlorophyll a and chlorophyll b are the most important plant pigments that
absorb blue and red lights at wavelengths 0.43, and 0.66 and 0.45, and 0.66 µm,
respectively. The relatively lower absorption of light in the green wavelengths by the leaf
causes the healthy canopy to appear green to our eyes. Other pigments like carotenes and
xanthophylls, which are yellow and pale yellow absorbs blue light and has strong
absorption centered at about 0.45 µm. Phycoerythrins absorb green light with strong
absorption at 0.55 µm and phycocyanins absorb primarily the green and red lights with
absorption centered at 0.62 µm. The two important regions in the spectrum for sensing
the chlorophyll absorption characteristics of a leaf are 0.45-0.52 and 0.63-0.69 µm. These
absorption characteristics of plant canopies can be used to study the vegetation stress,
yield and other hybrid variables when coupled with other remote sensing data. Hence,
remote sensing of the behavior of electromagnetic spectrum, particularly PAR region,
would be useful in studying the vegetation status. Use of high spectral resolution imaging
spectrometers will be helpful in gathering much more information about the plant health
status.
Several studies were involved in showing the application of remotely sensed
information in the field of agriculture. Some of those applications include estimating the
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acreage, yield, in-season biomass, plant health status, disease and stress detection and
estimating the pigments and micro and macro nutrient status in the plants (Doraiswamy et
al., 2004; Yang et al., 2004; Weissteiner and Kuhbauch, 2005; Jayroe et al., 2005; Zhao et
al., 2003; 2005a, b). Remote sensing information has also been used in monitoring
regional biomass production. Real-time estimations of crop area and production using
high spatial resolution satellite data were conducted in the monitoring agriculture with
remote sensing (MARS) program in European Union (Meyer-Roux, 1990). Similarly
crop yield estimations were estimated using satellite data in USA in the large area crop
inventory experiment (LACIE). This program was aimed at estimating wheat productions
over the world using information from Landsat Multi-spectral scanner (Erickson, 1984).
Several crop models used remotely sensed data as inputs. Remote sensing data
have been used for applying the crop prediction models at a spatial scale for crop
diagnosis and yield prediction. Space-borne data are mainly useful in addressing the
spatial variations in crop models. Because of higher spatial resolutions, this data can be
used to update the information in the crop models such that within-field variability can be
properly handled.
Factors for yield variation at regional scale can be detected by efficient
application of space-borne spatial data (Lobell et al., 2002). Remotely sensed information
over large regions has been used to identify the differences on impacts caused by
management practices on yields. This study showed the utility of remote sensing data in
regional scale studies that are not feasible with field-based approaches.
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Remotely sensed data has been widely used in in-season monitoring and
estimation of yields. Doraiswamy et al. (2004) worked on yield monitoring and crop
conditions in corn and soybean at regional scales using data from Landsat operational
satellite with MODIS sensor onboard. The spatial resolution of the data obtained is high
and is adequate to monitor fields with reasonable sizes. Air-borne hyperspectral images
were used to estimate the yield variability in sorghum along with the use of yield monitor
data (Yang et al., 2004). Hyperspectral imageries were re-sampled to 1-m resolution with
data covering information in 128 bands from visible to near infrared wavelength regions.
All the bands have good correlation with yield data except a few bands from red to nearinfrared region. Stepwise regression was used to improve correlation between air-borne
and field data and reasonable correlation was found.
In-season regional yield forecasts were conducted in barley crop by the use of
remotely sensed data from NOAA-AVHRR and the ancillary data including
meteorological information, soil information and agro-statistical information (Weissteiner
and Kuhbauch, 2005). The yield forecasted from crop models and remote sensing data
was tested with the reported yield values to check the accuracy of the predictions. Multitemporal satellite data during the grain-filing period was collected for the yield
estimations. Empirical models were used for yield estimations in this study. Normalized
difference vegetation index (NDVI) values were calculated from the NOAA data and
were incorporated in the models. The variation between the reported and estimated yields
was about 7%. The correlations between reported and estimated yields were less during
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the early growth season and improved later in the season (Weissteiner and Ku¨hbauch,
2005).
Productivity and in-season requirements in rice, cotton and soybean fields were
studied by using air-borne multi-spectral data (Jayroe et al., 2005). Normalized difference
vegetation index (NDVI) has been used to study the within-field variations in vegetation.
The rice crop did not show much correlation with yield data, whereas for cotton and
soybean the correlations were good. Remote sensing information was useful in finding
the variation in health status of the vegetation throughout the growing season. This
showed that site-specific crop management could be adopted by using remote sensing of
canopies.
Crop biophysical parameters like leaf area index, leaf N concentration, plant
height, and leaf chlorophyll concentration and leaf greenness can be detected through
hyperspectral remote sensing. Reflectance data were collected from 409 to 947 nm
wavebands and regression models were developed to determine the bio-physical and
yield parameters (Goel et al., 2003). Normalized difference vegetation index with bands
701 and 839 nm gave better estimates of biophysical and yield parameters.
Reflectance information from plants can be effectively used to detect the signals
caused due to stress conditions. Carter et al. (1994) worked on early detection of plant
stress by digital imaging within narrow stress-sensitive wavebands and found that the
reflectance ratio of R694/R760 was highly correlated with the stress occurrence. It was
concluded that remote sensing of vegetation within the stress–sensitive 690-700 nm
wavebands together with the 760 nm region can be applied in improving early stress
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detection of crops compared with broad-band or narrow-band measurements at lower
wavelengths.
Deguise et al. (1998) found the correlation between information from air-borne
hyperspectral data and ground truth validation measurements of crop biomass. They
concluded that hyperspectral remote sensing could be useful in detecting the varying
biomass content of potato crop within the field and also to detect crop during the
cropping season.

2.8 Hyperspectral remote sensing in plant pigment and N estimation
Hyperspectral data from remote sensing has the potential to detect crop stress and
to diagnose its cause at an early stage before the visual symptoms become clear. Hence, it
is becoming one of the important components of precision farming. The main advantage
of hyperspectral imagery over multispectral image is the detail of the spectral signatures.
Most multi-spectral sensors take one to few measurements in a wide portion of each
major wavelengths, whereas hyperspectral sensor measures energy in numerous narrow
units of each band. By using hyperspectral imagery, crop condition can be detected and
appropriate management decisions related to irrigation, and protection or nutrition could
be applied based on needs of the crop. The numerous bands with narrow range in
hyperspectral imagery can potentially indicate the real cause of stress and can identify the
stress due to water scarcity or insect damage or nutrient deficiency. The narrower are the
band widths in hyperspectral imagery, the more is the sensitiveness to subtle variations in
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energy reflection, which could indicate stress. Because of this, hyperspectral imagery can
detect crop stresses much in advance than the multi-spectral data (Jensen, 2000).
Several studies were carried out on using hyperspectral remote sensing in
detecting pigment and N concentrations in plants. McNairn et al. (2001) studied using
hyperspectral remote sensing data to estimate crop cover and the chlorophyll content of
the canopy. They used probe-1 imagery to acquire hyperspectral information and Minolta
SPAD-502 meter instrument to acquire chlorophyll content. They concluded that
hyperspectral data un-mixing helps in identifying crop cover accurately, and usage of
hyperspectral data reduces the turnaround time for operational crop monitoring which
helps in timely stress detection of crops. Pigment-specific simple ratio (PSSRa) is found
to be the best method to estimate chlorophyll content from reflectance values.
In another study of non-destructive estimation of N and chlorophyll, Blackmer et
al. (1994) worked on a comparison of light reflectance with other N stress measurements
in corn leaves. Light reflectance was measured with a Hunter Tristimulus colorimeter,
whereas other measurements include chlorophyll readings with a Minolta SPAD-502
chlorophyll meter, leaf N and specific N concentrations. Leaf reflectances under low N
conditions were observed to be high, whereas they were low with high N concentrations.
They found good correlations between spectral readings and SPAD chlorophyll meter
values and leaf N concentrations. This study was limited to the reflectance in visible
region but hasn’t used any other information from the hyperspectral region of the
electromagnetic spectrum. The results were in good agreement with the final corn grain

22

yields. It was concluded that reflectance near 550 nm were found to be most useful in
detecting N deficiency in corn plants.
Osborne et al. (2002) found an equation to determine the plant N concentration
using reflectance in the red and near-infrared (NIR) region of the electromagnetic
spectrum with an R2 of 0.81. They worked on determining wavelengths to predict N and
P stress in corn. Reflectance in the NIR and blue regions were used to estimate early
season P stress, whereas red and green reflectance were used to predict N stress and NIR
reflectance was found to be useful for predicting biomass content. They also found that
the reflectance to predict plant N was changing throughout the growing season.
Zhao et al. (2003) worked on the effects of N deficiency on leaf growth,
physiology, and hyperspectral reflectance properties in corn. They found that decline in N
concentration causes an increase in reflectance in the visible region of the spectrum at
400-700 nm and particularly at wavelengths of 552 and 710 nm. Reflectance at these
wavelengths could explain 60-70% of variability in chlorophyll and leaf N
concentrations. Difference in spectra was about 12% between the N treatments at the end
of the season. Several data analysis methods were used in finding better correlations
between leaf chlorophyll, N concentrations and leaf hyperspectral reflectance.
Reflectance ratios proved to improve the correlations, and ratio R575/R526 exhibited
good correlation with leaf N concentration expressed on dry weight basis. Algorithms to
estimate leaf N and chlorophyll concentrations were developed in that study for corn.
Similar studies were carried in cotton to find the optimum wavebands to detect N
and chlorophyll concentrations by Zhao et al. (2005a). Reflectance from 400-2500 nm
23

was used to find the correlation between hyperspectral reflectance and the leaf N and
chlorophyll concentrations. Reflectance at 550 and 710 nm increased with decrease in N
concentration, further proving the potential of this region in finding the nutrient stress in
plants. Reflectance ratios increased the correlation between leaf nitrogen, chlorophyll and
hyperspectral reflectance. Ratios of reflectance at wavelengths 517 and 413 (R517/R413)
could explain 65 to 78% variation in leaf N concentration. Reflectance ratios R708/R915
or R551/R915 can be used to detect leaf chlorophyll concentrations as a non-destructive
method. These bands could explain 67 to 76% of variation in chlorophyll concentrations.
Daughtry et al. (2000) worked on estimating leaf chlorophyll concentration in corn by
using leaf and canopy reflectance. They used reflectance in the regions of 400-1000 nm
and reflectance at wavebands 550, 715 and >750 nm were found to exhibit differences
due to changes in chlorophyll concentrations. Zhao et al. (2005b) worked on the effects
of N deficiency on sorghum leaf growth, development, photosynthesis, and spectral
reflectance. Nitrogen deficiency causes a shift in the red-edge towards lower
wavelengths. Leaf reflectance at wavelengths 555 and 715 nm increased due to N
deficiency. They also found that first derivatives of reflectance increased the correlation
between leaf N, and chlorophyll concentrations and red-edge reflectance. Reflectance
ratios R1075/R735 and R405/R715 have good correlations with leaf chlorophyll and leaf
N concentrations, respectively. First derivatives of reflectance increased the correlation to
0.73-0.82 in red-edge centered at 730 or 740 nm.
Therefore, reflectance in the region of 400-700 nm was found to be more
responsive to nutrient stress in plants. Reflectance increase between wavelengths of 40024

580 nm of the spectrum is due to low absorption by chlorophyll and carotenoids and a
decrease towards 680 nm corresponds to the maximum chlorophyll absorption. Buscaglia
and Varco (2002) worked on a non-destructive estimation of leaf chlorophyll
concentrations by using leaf level reflectance. They found that the reflectance at
wavelength 550 nm was useful in detecting the chlorophyll variation in cotton plants at
the flowering and squaring stages. They argued that remote sensing methods will provide
an inexpensive and faster method of stress detection in plants over large area than any
other traditional sampling methods.
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CHAPTER III
MATERIALS AND METHODS
3. 1 Experimental conditions
An outdoor pot culture experiment was conducted during 2006 at the R. R. Foil
Plant Science Research Center, Mississippi State University, Mississippi State, MS, USA
(33° 28’N,88° 47’W). Seeds of castor cultivar ‘Hale’ were sown on 24 May 2006 in 12-L
white polyvinyl chloride (PVC) pots filled with fine sand. The pots were 0.65 m in height
and 0.15 m in diameter with a small hole at the bottom to drain excess water. Two
hundred and forty pots were arranged in six rows with an additional border row on each
side and oriented east to west at 1-m spacing apart (Fig. 1). Seedlings were thinned to one
per pot at 7 days after emergence. All pots were irrigated using a computer-controlled
drip system with full-strength Hoagland’s solution (Hewitt, 1952) to maintain favorable
conditions of water and nutrients.

3.2 Treatments
The treatments imposed starting 34 DAS included: (1) a control irrigated with
full-strength Hoagland’s nutrient solution throughout the experiment (100N); (2) reduced
N in the nutrient solution to 20% of the control starting 34 DAS (20N); and (3) withheld
N from the nutrient solution from 34 DAS (0N) until final harvest at 66 DAS. Each
treatment was replicated four times with 20 plants per treatment. All plants were supplied
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with full-strength Hoagland’s nutrient solution (Hewitt, 1952) from emergence to 34 days
after sowing (DAS). Three individual tanks with computer-controlled drip system (Fig. 2)
were used to provide the respective nutrient solutions upon imposition of the treatments.
The Hoagland’s nutrient solution was modified by substituting CaCl2 for
Ca(NO3)2 to allow for different N concentrations (Reddy et al., 1996). All plants were
well-watered, three times a day, with the respective nutrient solution with all other
nutrients.

Figure 1. General view of castor grown in an outdoor, pot-culture facility at the R. R.
Foil Plant Science Research Center, Mississippi State University, Mississippi
State, MS, USA (33° 28‘N and 88° 47’W) during the 2006 growing season.
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Figure 2. General view of solenoid valves connected to a data acquisition system to
deliver the respective N nutrient solutions through the drip irrigation, one
dripper per pot.
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3.3 Growth measurements
Plant height was measured and node numbers were counted on five plants in each
replication at four-day intervals throughout the treatment period. Stem lengths were
measured as the distance between the soil surface and the main stem apex. Leaf number
was counted when the main veins of the leaf lamina were first visible. Leaf areas were
estimated non-destructively during the treatment period by measuring the distance from
the point of petiole attachment to the leaf tip of the center lobe on all mainstem leaves.
The leaf length measurements were subsequently converted to leaf areas by developing a
relationship between the lengths and areas of different leaves measured using the LI-3100
leaf area meter (LICOR, Inc., Lincoln, NE, USA) from all treatments at the final harvest.
For castor (cv. ‘Hale’) leaves in this study, the relationship was [Eq. 1]:
Leaf area (cm-2) = 58.4392 – 1.8968*X + 0.0276*X2 - 0.0000399*X3,
r2 = 0.93, n = 150

[Eq. 1]

where leaf area is in square centimeters and length (X) is in millimeters (Fig. 3).
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Figure 3. Relationship between length and area of main stem castor leaves. The leaves
with different sizes were collected from three different N treatments (100N,
20N, and 0N), 30 days after N treatment imposition.

3.4 Physiological measurements
During treatment period (34 - 66 DAS), net photosynthetic rates (Pn), stomatal
conductance (gs), and intercellular CO2 concentration (Ci) of the uppermost, fullyexpanded leaves from four plants in each treatment were measured between 1000 and
1200 h using a LI-6400 portable photosynthesis system (LI-COR Inc., Lincoln, NE) at
four-day intervals (Fig. 4). When measuring Pn, gs and Ci, the PAR, provided by a LI 6400-02 LED light source, was set to 1500 µmol m-2 s-1, temperature inside the leaf
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cuvette was set to 30°C, relative humidity was adjusted to near ambient level (50%), and
leaf chamber [CO2] was set to 360 µL L-1.

3.5 Photosynthetic pigments and N measurements
After measuring photosynthesis and leaf reflectance, (measurements will be
presented under 3.7 section) five leaf discs (38.5 mm2) from five different plants from
each treatment were punched using a cork borer, avoiding areas with large veins and
placed into vials containing 4.0 ml dimethyl sulfoxide (DMSO) for pigment extraction.
The samples were kept at room temperature for 24 h in the dark to allow complete
extraction of pigments into the solution. Absorbance of the extract was measured using a
Pharmacia UltraSpec Pro UV/VIS spectrophotometer (Pharmacia, Cambridge, England)
at 470, 648, and 664 nm to calculate concentrations of Chloropyll a and Chlorophyll b
and carotenoids, respectively (Chappelle et al., 1992). Total leaf chlorophyll was
estimated by summing Chlorophyll a and Chlorophyll b values.
The leaves that are used for pigment extraction were dried at 70ºC for 72 h after
measuring the leaf area. Leaf tissue N concentration was determined on dried, ground
samples according to standard micro-Kjeldahl methods (Nelson and Sommers, 1972) and
expressed as either g kg-1 dry weight or g m-2 leaf area.
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[A]

[B]

Figure 4. The LI-6400 photosynthesis system was used to monitor leaf photosynthetic
processes as affected N nutrition in castor throughout treatment period
(A) The LI-6400 photosynthesis system console and
(B) recently expanded mainstem leaves of castor were used to monitor
leaf photosynthesis during N stress period.
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3.6 Photosynthetic CO2 assimilation and fluorescence measurements

3.6.1. Light-response curves (A/PPFD) of photosynthesis
Gas exchange measurements were made on intact leaves using an open gas
exchange system, LI-6400 photosynthesis system (LICOR Inc., Lincoln, NE) fitted with
a 6400-40 leaf chamber fluorometer (LCF) that provided LED-based fluorescence and
light. The youngest, fully expanded leaves, 3rd or 4th leaf from the main axis terminal,
were used to measure A/PPFD curves at 13 and 31 days after treatment (DAT). When
measuring photosynthetic light-response curves, the temperature inside the leaf cuvette
was set to 30 °C, and [CO2] was set to 360 µL L-1. Artificial illumination was applied to
leaves from a red-blue LED light source attached to the sensor head. The PAR was
gradually reduced from 2000 to 0 µmol m–2 s–1 by 10 steps (2000, 1750, 1500, 1000, 600,
400, 200, 100, 50, 0 µmol m–2 s–1). The photosynthetic light response curves were fit
using nonrectangular hyperbola least square curve fitting procedure (Lambers et al.,
1998) as described in Equation [2],

Φ.Q + Amax - √ (Φ.Q + Amax)2 - 4. Φ.Q. θ. Amax
A=

- Rd

[Eq. 2]

2θ
where, the φ is the apparent quantum efficiency, Q is the PAR, Amax is the lightsaturated rate of CO2 assimilation, θ is the convexity or curvature factor, Rd is the dark
respiration, and A is the gross photosynthetic rate.
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The software in the instrument provided data on the fluorescence parameters and also
calculates derived parameters such as electron transport rate and it is calculated by the
Equation [3],
ETR = (Fm’- Fs / Fm’) fIαleaf (μmol electron m-2s-1)

[Eq. 3]

where Fm’ is maximal fluorescence, Fs is steady-state fluorescence, f is the fraction of
absorbed quanta that is used by PSII, I is the incident PAR (μmol m-2s-1), and αleaf is leaf
absorptance.
Maximum values of ETR (ETRmax) were calculated by fitting the exponential to
maximum function to ETR and PAR in curve fitting software (SigmaPlot for Windows
9.0).
f = y0 + a*(1-exp (-b*x))

[Eq. 4]

where f = maximum ETR and x = PAR.

3.6.2. CO2 response curves (A/Ci) of photosynthesis
Apart from the light response curves, CO2 response curves were also measured on
intact, recently fully expanded mainstem leaves, 3rd or 4th leaf from main axis terminal,
14 and 21 days after treatment. Measurements were taken at constant PAR of 1500 µmol
m-2 s-1, ambient relative humidity (50%), and leaf cuvette temperature of 30 ºC. The
[CO2] in leaf cuvette was changed by 11 steps (400, 300, 200, 100, 50, 0, 400, 400, 600,
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800, 1000 µL L-1). Photosynthesis at lower [CO2] was measured first to prevent higher
[CO2] effects, if any, on stomatal closure. The maximum rate of Rubisco activity (Vcmax),
light-saturated rate of electron transport (Jmax), and triose-phosphate utilization rate (TPU)
were modeled by using the data from each A/Ci curves in PHOTOSYN software version
1.1.2 (Dundee Scientific Ltd., Dundee, UK). This program uses the modified version of
Farquhar biochemical model of photosynthesis (Farquhar et al., 1980). These parameters
help in describing some photosynthetic characteristics of leaves in response to N
nutrition. In the calculation of these parameters according to the model, the following
Equation [4] was used to express the relationship between assimilation rate (A) and
internal CO2 (Ci). This relies on the concept that it is a minimum of any of the three
factors; Rubisco activity (Wc), RuBp regeneration (Wj) and regeneration of inorganic
phosphate (Wp), and the function W = min (Wc, Wj, Wp) is used.
A = [1-(0.5 O / г Ci)] × min (Wc, Wj, Wp) - Rday

[Eq. 5]

Rday refers to the release of CO2 in the light by processes other than photorespiration and
are estimated using the modeling equations as described below.
When the rate of carboxylation is solely limited by the activity of Rubisco, the
carboxylation can be described by the Equation [5]. This equation is based on leaf gas
exchange measurements using the biochemical model of Rubisco developed by Farquhar
et al. (1980) in which Kc and Ko are Michaelis-Menten constants of Rubisco for CO2 and
O2, respectively, and O is the concentration of oxygen in the stroma (Pa),
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Vcmax. Ci

Wc =

[Eq. 6]

[Ci + Kc (1+O / Ko)]

when the electron transport limits photosynthesis by the regeneration of RuBP,
carboxylation rate can be expressed by Equation [6].

J. Ci

Wj =

[Eq. 7]

4 (Ci + O / г)

Tau (г) represents the specificity factor for Rubisco (Jordan and Ogren, 1984). The factor
4 represents the fact that four electrons are required to generate sufficient ATP and
NADPH to regenerate RuBP (Farquhar and von Caemmerer, 1982). The potential rate
of electron transport (J) is calculated using the empirical expression relationship (Harley
et al., 1992),

J=α .I ÷

1+ (

α.I

JMAX

2
)

[Eq. 8]

where α is the efficiency of light conversion, Jmax is the light-saturated rate of electron
transport and I is the incident radiation.
Wp, the rate of carboxylation limited by the inorganic phosphate regeneration, is given by
Wp = 3(TPU) + (0.5 × Vo × O / Ci × г)

[Eq. 9]
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where Vo represents the rate of oxygenation of Rubisco, TPU is the rate of triose
phosphate utilization (sucrose and starch production). Using the Farquhar et al. (1980)
model, based on the equations, valuable information of the biochemical limitation to
photosynthesis can be obtained by applying the model to the basic A/Ci curves measured
experimentally.
The program used by the PHOTOSYN software version 1.1.2 (Dundee Scientific
Ltd., Dundee, UK) uses an iterative procedure to calculate the estimates of Vcmax, Jmax
and TPU from the A/Ci curves obtained through the gas analysis measurements.Saturated
values of ETR (ETRsat) were calculated by fitting the exponential to maximum function
(equation 3) to ETR and Ci in curve fitting software (Sigma Plot for Windows 9.0).

3.7 Spectral reflectance measurements
Leaf hyperspectral reflectance was measured by an ASD FieldSpec FR
spectroradiometer with a spectral range of 350 to 2500 nm on recently, fully-expanded
main stem leaves. The ASD Fieldspec includes one 512-element photodiode array and
two thermoelectrically cooled, "graded index", extended range InGaAs photodiodes. The
sampling interval was 1.4 nm for 350 - 1000 nm, 2 nm for 1000 - 2500 nm, and had a
spectral resolution of 3 nm from 350 nm and 10 nm from 700 nm. The data were stored
on a laptop computer connected to the instrument. The contact reflectance probe with an
internal light source and a fiber-optic input socket (ML 902, Makita Corporation, Aichi,
Japan) was used to measure leaf reflectance spectra. The reflectance of the ASD
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instrument was set to 100% by measuring the reflectance of a Spectralon panel (white
reference) (Labsphere Inc., North Sutton, NH). The white reference was measured at
every 5-min intervals or 5 spectra to check the instrument stability for 100% reflectance.
A single hyperspectral reflectance curve was obtained from each selected leaf. To
measure leaf reflectance, the leaf was sandwiched between the non-reflecting
polyurethane black body and the light probe (Fig. 5). This ensured that no extraneous
light entered the light probe during these measurements. A total of 420 spectra were
collected through out the growing season from the three N treatments and replications.

38

Figure 5. The Analytical Spectral Device (ASD) radiometer and an artificial light source
were used to capture the spectral signatures of recently, fully expanded leaves
of castor throughout the treatment period.
3.8 Biomass estimation
Biomass was collected from the plants of all the three N treatments at the end of
the experiment, 66 DAS or 32 DAT. Stem lengths and total leaf area were measured on
all plants. Stems, leaves, roots, and fruits were separated and dried at 75°C in a forced air
dryer to constant weight to estimate plant-component dry weights. From these
measurements, partitioning to above and below-ground parts along with root to shoot
ratios were calculated.
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3.9 Statistical analysis of the data
The experiment was designed as a randomized complete block with four
replications. Each treatment consisted of 20 pots. Growth measurements such as plant
height, leaf area, node numbers and net photosynthetic rates at PAR 1500 µmol m-2 s-1
were averaged over the replications for all measuring dates and their means were used in
deriving relationships between growth and physiological parameters and leaf N levels.
The differences in growth and physiology between the N treatments were analysed by
using PROC ANOVA and Fisher’s LSD tests at P = 0.05 (SAS Institute Inc., 2003).
Data for leaf N and pigments were subjected to analysis of variance by using PROC
ANOVA and Fisher’s LSD tests at P = 0.05 (SAS Institute Inc., 2003) to determine the N
treatment effects. Treatment differences were tested for biomass and growth parameters
measured at the end of the treatment period using PROC ANOVA statistical procedure
and Fisher’s LSD tests at P = 0.05 (SAS Institute Inc., 2003). The CO2 and light response
curves were derived using the best-fit non-linear regression models of exponential rise to
maximum between leaf CO2 exchange rates and PAR or Ci (internal CO2 concentration).
Photosynthetic parameters derived from the light, and CO2 response curves were
averaged, and means were used to compare the differences between N treatments.
Reflectance spectra were collected from five leaves in each replication. The five
spectra from each leaf were averaged to form a single spectrum so that each replication
has a single spectrum. The resulting spectra were averaged over the treatment, so that
each treatment has one single spectrum on each sampling day. Spectral data that was
spread over 350-2500 nm were averaged over 10-nm intervals in order to reduce the size
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of the dataset. To determine the effects of N treatment on leaf reflectance, the mean
reflectance data were obtained by averaging the data across sampling dates and
replications. The reflectance differences (RD) and reflectance sensitivity (RS) to N
treatments at each wavelength were calculated by using the following equation [Eq. 10]:
RD = reflectance of N – reflectance of the control
RS = [RD/ (reflectance of the control)] × 100

[Eq. 10]

The averaged spectral data over all replications from different dates were used in
the analysis to find functional relationships between reflectance and leaf N concentration
on both area and dry weight basis, and also to find the functional relationships between
spectral reflectance and pigments (chlorophyll a+b, and carotenoids) estimated on dry
weight and area basis. Correlations between the spectral data and the leaf N and pigments
were calculated using the statistical procedures PROC TRANSPOSE and PROC CORR
(SAS Institute Inc., 2003). The wavebands that have highest correlation with the leaf N
and pigments were sorted using the statistical procedure PROC SORT (SAS Institute
Inc., 2003). Linear regression was used in deriving the functional algorithms and the
relationships. Correlations between spectral data in its original form were first calculated.
To increase the R2 values, the first derivatives of spectral data and ratios of spectral bands
with best correlations were calculated. First derivatives of reflectance (dR/dλ) were
calculated from simple reflectance by the equation as shown below [Eq. 11];
dR/dλ = Rλ – R (λ-1) / Δλ
where Rλ – R

(λ-1)

[Eq.11]

is the difference in reflectance measured across a single wavelength

increment centered at λ and Δλ is the increment in wavelength (Δλ = 10, in this study).
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Reflectance ratios were calculated by using the wavebands having maximum r2
values with leaf N or pigments. These waveband values were then divided with rest of the
waveband values and regressed with leaf N and pigment concentrations. The waveband
ratios with highest r2 were selected and used in deriving the functional relationships
between leaf N and pigments concentrations and leaf spectral reflectance values.
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CHAPTER IV
RESULTS

4.1 Plant growth parameters, leaf N and dry matter accumulation

4.1.1 Leaf N
The strategy of growing plants until 34 DAS and imposing various N treatments
during the linear growth period of castor crop worked well for the purpose of achieving
variability in leaf N in the current study. Leaf dry weight-based N contents declined in all
N treatments during the treatment period due to growth (Fig. 6A). The declines, however,
were much steeper in 0N (slope = -1.69 g N kg-1 d-1) and 20N (slope = -1.197 g N kg-1
per d-1) treatments when compared to 100N treatment. Area-based estimations of leaf N,
however, did not change over the treatment period in the control plants, but declined
linearly similar to that of weight-based estimations in the 0N (slope = -0.0745 g N m-2 d1

) and the 20N (slope = -0.0461 N m-2 d-1) treatments (Fig. 6B). At the final harvest, 30

DAT and 64 DAS, the leaf N levels were 3.3 g m-2 leaf area or 55.2 g kg-1 in the 100N,
2.37 g m-2 or 38.3 g m-2 in the 20N and 1.18 g m-2 or 20.15 g kg-1 in the 0N treatments.
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Figure 6. Temporal trends in castor leaf N as affected by N treatments expressed on leaf
(A) dry weight (g N kg-1) and (B) leaf area (g N m-2) basis.
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4.1.2

Plant height, node numbers and leaf area development
During the first eight days of treatment, there were no significant differences (P =

0.05) in plant heights due to N treatments (Fig. 7A), but plants in the 100N treatment
were taller than the other two treatments on all subsequent measuring dates. Plants
growing at the 20N and the 0N treatments were not significantly different until 16 DAT,
but were approximately 17% taller than plants grown at the 0N at 25 DAT. By 30 DAT
and 64 DAS, plants growing at the100N treatment were 21 and 17% taller than the plants
grown in the 20N and the 0N treatments, respectively (Table 1).
Main stem node numbers increased linearly over time in all treatments except the
0N treatment and were significantly different between the 100N and 20N and the 0N
treatments at 20 and 25 DAT (Fig. 7B). When averaged across N treatments, caster plants
produced a leaf every 3.4 days during treatment period.
Leaf area of all main stem leaves estimated from the length and area relationships
from Fig. 3 responded significantly to N treatment (Fig. 7C) and increased almost
linearly in the 100N treatment. Main stem leaf area in the other two treatments, however,
showed a non-linear response over the treatment period. Unlike plant height response to
N treatments, significant N effects were evident very early starting from eight days of
treatment. The data in Fig. 8 show average individual leaf sizes at 30 DAT and 64 DAS
in all N treatments. Mature leaf sizes increased as nodal position up the plant increased to
Node 5 on the plants in all treatments. At any given time during the growing period, three
to four leaves were growing. Leaf 1 was fully mature and Leaf 5 was just unfolded when
N deprivation treatments were imposed. Nitrogen deprivation affected leaves that were
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expanding (Leaves 2-3), leaves that were just formed (Leaf 5) and leaves that were
initiated during the N treatments. By 30 DAT and 64 DAS, plants grown in the 100N
treatment developed almost two and four times more whole plant leaf area than plants
grown at 20N and 0N treatments, respectively (Table 1).
The average rates of growth (stems and leaf area development on the main stem)
and node addition rates calculated as functions of leaf N expressed on leaf area and dry
weight basis are illustrated in Fig. 9 and 10, respectively. When leaf N was optimum (3.5
g m-2 leaf area or about 7 g kg-1 dry weight), plants were growing at about 4 cm d-1 and
over 200 cm2 leaf area and leaf being added at every 1.7 days. All growth and
developmental rates were sensitive to N deprivation; stem extension rates showed
quadratic relationship while leaf area expansion and node addition rates increased
linearly with increase in leaf N levels (Fig. 9 and 10).
Biomass accumulated measured at 64 DAS and 30 DAT was very sensitive to N
treatments and plants grown under N deprivation showed significantly lower total as well
as all plant-components dry weights, except the root weight between 100N and 20N
treatments (Table 1). Total plant biomass accumulated was decreased by 55 and 33%,
respectively, for the 20N and 0N treatments compared to 100N treatment. Of all the plant
dry weight components, leaf dry weight decreased to the highest extent of 77 and 46% for
plants under 0N and 20N treatments, respectively (P < 0.05). Fruit dry weight decreased
to 50% for plants grown in both the reduced N treatments when compared to the 100N
plants (Table1). The root-shoot weight ratio was significantly (P = 0.05) increased (58%)
in the two low N treatments compared to the control N (100N) treatment (Table 1).
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Figure 7. Temporal trends in (A) plant height, (B) leaf area development, and
(C) mainstem nodes as influenced by N nutrition in castor. Error bars
represent the standard error of the mean ± SE (n = 4). Plant heights and leaf
area are significantly different between treatments at P = 0.05.
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Table 1. Effects of N deficiency on castor plant growth and dry weights of different
plant parts 64 days after sowing and 30 days after N treatment.
Nitrogen treatment
Parameters
100N

20N

0N

Plant height, cm

111.75 ± 1.65a

96.37 ± 2.11b

69.62 ± 6.63c

Leaf area, m2 plant-1

0.93 ± 0.03a

0.49 ± 0.03b

0.23 ± 0.01c

Leaf dry weight, g plant-1

46.10 ± 2.09a

24.69 ± 1.91b

10.80 ± 0.41c

Stem dry weight, g plant-1

70.48 ± 4.27a

53.15 ± 3.59b

36.75 ± 1.75c

Root dry weight, g plant-1

29.59 ± 2.40a

29.02 ± 3.86a

20.05 ± 1.65b

Fruit dry weight, g plant-1

52.78 ± 13.86a

26.49 ± 3.32ab

21.82 ± 2.32b

Total dry weight, g plant-1

199.59 ± 20.98a

133.36 ± 5.22b

89.43 ± 1.89c

Root /Shoot ratio

0.18 ± 0.004a

0.28 ± 0.03b

0.29 ± 0.03b

Values are mean ± SE within rows, means followed by the same letter are not different
(P> 0.05).
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4.2 Pigments and Photosynthesis

4.2.1 Pigments
Total leaf chlorophyll and carotenoid concentrations decreased throughout the
measurement period, 0 to 30 DAT in all the treatments (Fig. 11) similar to the trends
observed in leaf N concentrations (Fig. 6). Chlorophyll and carotenoid concentrations of
100N and 20N treatments were not statistically different, but 0N treatment was
significantly different (P < 0.05) from the other two N treatments. Chlorophyll a and
chlorophyll b concentrations followed similar trends with that of total pigments over time
due to N treatment (Fig. 12). The overall concentrations of total chlorophyll and
carotenoids, when averaged across measurement times, were 12.04, 11.84 and 9.77 µg
cm-2 and 1.92, 1.91 and 1.77 µg cm-2 for the 100N, 20N and 0N treatments, respectively
(Fig. 12). The chlorophyll (chl a/b) ratio values for 100N, 20N and 0N were 1.93, 1.91
and 1.67, respectively.

4.2.2 Photosynthesis

4.2.2.1 Photosynthesis response to PAR (A/PPFD):
Photosynthesis increased as light intensities (PAR) increased in all N treatments
(Fig. 13). The estimated Pmax occurred at much lower PAR levels in plants grown on
low N media (20N and 0N treatments). Difference in Pn among the N treatments was
significant (P < 0.05) at 14 and 21 DAT. The leaf Pn of 20N plants was 18 and 28% less
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and the leaf Pn value of 0N plants was 23 and 58% less than the control plants at 14 and
21 DAT, respectively (Fig.13).
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Figure 11. Temporal trends in (A) chlorophyll and (B) carotenoid concentration in
castor as affected by N deficiency. Data are mean ± SE of four replications
measured from 32 to 64 days after sowing.
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Quantum efficiency (QE), light-saturated maximum rate of photosynthesis (Amax),
convexity, light compensation point (LCP), light-saturation estimate (LSE) and maximal
electro transport rate (ETRmax) estimated from the photosynthesis response curves using
PHOTOSYN software version 1.1.2 (Dundee Scientific Ltd., Dundee, UK) registered
significant differences among the N treatments (Table 2). Among treatments QE was not
different (P< 0.05) among treatments at 14 and 21 DAT. Also, Amax values did not differ
between the 100N and 20N treatments, but the values at 0N were significantly (P = 0.05)
different at 14 DAT. At 21 DAT, Amax was significantly different among N the treatments
with 100N having maximum value. Convexity values did not differ among treatments at
14 and 21 DAT. The treatments did not differ in LCP values either 14 or 21 DAT (P <
0.05), but the 100% N plants had the highest light-saturation estimates at 14 DAT. The
LSE values were significantly different between 100N and 0N treatments, and decreased
significantly (P = 0.05) with decline in N nutrition. Maximal electron transport rate
decreased among 100N, 20N and 0N treatments and the values are significantly different
among the treatments at 14 and 21 DAT (P < 0.05) (Table 2).

4.2.2.2 Photosynthesis response to internal CO2 (A/Ci) concentration:
Leaf Pn increased with increase in Ci and reached maximum values around 675
and 850 µL L-1 at 14 and 21 DAT, respectively in all the treatments (Fig. 14). Leaf CO2
response curves was different between the 100N and N-deficient treatments (P < 0.05),
but not between the 20N and 0N treatment at 14 DAT. The CO2 response curves of 20N
and 0N treatments registered 27 and 53% less Pn values compared to the control.
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At 21 DAT, the difference was significant between 100N and 0N treatment and
CO2 response curve of 0N treatment was 65% lower Pn value than the 100N treatment
(Fig. 14).

Table 2. Effects of N deficiency on parameters of photosynthetic light-response
(A/PAR) curves [light saturated maximum rate of photosynthesis (Amax),
quantum efficiency (QE), light compensation point (LCP), light-saturation
estimate (LSE), and maximal electron transport rate (ETRmax)] of castor leaves
measured 14 and 21 days after N treatment (DAT).
Parameters
QE, µmol CO2 µmol photon
Amax, µmol m-2 s-1
Convexity (unit less)
LCP, µmol m-2 s-1
LSE, µmol m-2 s-1

100N
0.05 ± 0.002a
45.0 ± 2.0a
1.0 ± 0.01a
95.0 ± 8.0a
978.0 ± 78a

ETRmax, µmol m-2 s-1

268.0 ± 17a

-1

QE, µmol CO2 µmol-1 photon
Amax, µmol m-2 s-1
Convexity (unit less)
LCP, µmol photon m-2 s-1
LSE, µmol photon m-2 s-1
ETRmax, µmol electron m-2 s-1

14 DAT
Nitrogen Treatment
20N
0.05 ± 0.001a
38.0 ± 2.0ab
1.0 ± 0.02a
92.0 ± 8.0a
825.0 ± 32.0ab

233.0 ± 15.0ab
21 DAT
100N
20N
0.04 ± 0.002a 0.05 ± 0.003a
56.0 ± 5.0a
40.0 ± 1.0b
1.0 ± .03a
0.8 ± 0.07a
65.0 ± 4.0a
81.0 ± 3.0a
1101.0 ± 85.0a 849.0 ± 51.0b
305.0 ± 24.0a 246.0 ± 9.0a

0N
0.05 ± 0.001a
34.0 ± 2.0 b
0.8 ± 0.05a
77.0 ± 3.0a
709.0 ± 24.0b
193.0 ± 6.0b
0N
0.03 ± 0.005a
19.0 ± 2.0c
1.0 ± 0.01a
70.0 ± 7.0a
558.0 ± 46.0c
138.0 ± 15.0b

Values are means ± SE of three observations. Within rows, means followed by same
letter are not different at P = 0.05 probability level.
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Figure 14. Net photosynthetic response to internal carbon dioxide (Ci) concentration of
uppermost, fully expanded mainstem leaves of castor as affected by N
nutrition measured 14 and 21 days after treatment. Data are means ± SE of
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The photosynthesis parameters estimated from these response functions such as
maximum rate of Rubisco activity (Vcmax), triose phosphate utilization rate (TPU),
saturated electron transport (ETRsat), light-saturated rate of electron transport (Jmax) and
CO2 compensation estimate also showed variability among the different N treatments and
days of measurements, 14 and 21 DAT (Table 3). Among treatments, Vcmax values were
not significantly different among treatments at 14 DAT, but at 21 DAT, the 0N had
significantly lower values compared to the other two N treatments. TPU was not
significantly different among the N treatments at 14 DAT, but the 20N and 0N treatments
were significantly (P = 0.05) different from the 100N. On the other hand, ETRsat was
significantly different among the N treatments at 14 DAT, but at 21 DAT, the 100N and
20N were significantly (P = 0.05) different from the values of 0N treatment. The ETRsat
value of 100N plants was the highest among three N treatments while Jmax values were
different among 100N, 20N and 0N treatments at 14 and 21 DAT with 0N treatment
exhibiting the lowest values. The CO2 compensation estimate of 100N, 20N and 0N
treatments were not significantly different at 14 DAT, but at 21 DAT, the 0N treatment
was significantly different from the 20N and 100N treatments (Table 3).
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Table 3. Effects of N deficiency on parameters of photosynthesis-co2 (A/ Ci) curves
[maximum rate of Rubisco activity (Vc max), light-saturated rate of electron
transport (Jmax), triose phosphate utilization rate (TPU), and saturated electron
transport rate (ETRsat)] of castor leaves measured 14 and 21 days after
treatment (DAT).

Parameters
Vc max, µmol CO2 m-2 s-1
Jmax, µmol electrons m-2 s-1
TPU, µmol CO2 m-2 s-1
ETRsat, µmol electron m-2 s-1
CO2 compensation estimate
Vc max, µmol CO2 m-2 s-1
Jmax, µmol electrons m-2 s-1
TPU, µmol CO2 m-2 s-1
ETRsat, µmol electron m-2 s-1
CO2 compensation estimate

14 DAT
N Treatment
100N
20N
174 ± 6a
180 ± 21a
787 ± 41a
804 ± 136a
20 ± 0.3a
24 ± 5a
289 ± 7a
243 ± 3b
4 ± 1a
8 ± 1a
21 DAT
100N
20N
160.00 ± 3.5a 169 ± 4a
652 ± 25.5a
687.00 ± 43a
18 ± 0.5ab
31 ± 8a
266 ± 13a
266 ± 11a
5 ± 0.2a
6 ± 0.6a

0N
113 ± 27a
278 ± 70b
15 ± 3a
186 ± 18c
8 ± 2a
0N
71 ± 10b
170 ± 26b
10 ± 1b
150 ± 22b
8 ± 1b

Values are means ± SE of three replications. Within rows, means followed by same letter
are not different at (P > 0.05).
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4.2.2.3 Temporal trends in photosynthesis and its relationship with leaf N:
Leaf net photosynthesis (Pn) measured at 1500 µmol m-2 s-1 PAR declined in all
treatments over time similar to the decline in leaf N concentrations (Fig. 15). The
decrease, however, was much steeper in the 0N treatment compared to the 20N and 100N
treatments. The Pn values of 100N, 20N and 0N treatments, when averaged across
measuring times, were 40, 35 and 24 µmol m-2 s-1, respectively. The 20N treatment was
not statistically different from that of 100N, but the 0N treatment was significantly
different from the 100N and 20N treatment (P = 0.05).
Leaf Pn measured at 1500 PAR increased linearly with increase in leaf N
expressed on g kg-1 dry weight (r2 = 0.79) or g m-2 leaf area basis (r2 = 0.82; Fig.16). The
minimum Pn of 13 µmol m-2 s-1 was observed at leaf N concentrations of about 1.05 g
m-2 and 12.59 g kg-1, while the maximum was about 44 µmol m-2 s-1 observed at about 70
g kg-1 or about 3.5 g m-2 leaf area. Net photosynthesis increased by 0.466 and 10.48 µmol
m-2 s-1 per unit of increase in N expressed on g N kg-1 and g N m-2 leaf area, respectively.
The internal carbon dioxide concentrations (Ci) and stomatal conductance did not show
any significant differences among N treatments (Data not shown).
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Figure 15. Temporal trends in photosynthetic rate in castor as affected by N deficiency.
Data are mean ± SE of four replications measured from 32 to 64 days after
sowing.

62

50
-1
-2

Photosynthesis, µmol m s

[A]

Y = 12. 07 + 0.466*X; r ² = 0.79

40

30

20

10

0

10

20

30

40

50

60

70

80

-1

Leaf N, g kg
50
-1
-2

Photosynthesis, µmol m s

[B]

Y = 6.644 + 10.48*X; r ² = 0.82

40

30

20

10

0

1

2

3

4

-2

Leaf N, g m

Figure 16. Functional relationships between net photosynthesis and leaf N expressed on
(A) dry weight (g kg-1), and (B) area based-estimations (g m-2) in castor. Data
are mean ± SE of four replications measured from 32 to 64 days after sowing.
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Figure 17. Effects of N deficiency on castor leaf hyperspectral reflectance. Data are
means of spectra collected from the four replications in the 100N, 20N and
0N treatments 20 days after treatment. The respective leaf N levels are also
shown in the graph.
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4.3 Leaf hyperspectral reflectance
Leaf hyperspectral data collected over the treatments showed differences among
the N treatments. For example, spectra collected at 20 DAT showed significant difference
(P< 0.05) at different regions of the spectrum among the three N treatments (Fig. 17).
Nitrogen deficiency significantly (P < 0.05) increased reflectance at two peaks centered
at 555 and 715 nm (Red-edge region; Fig. 18). Reflectance at 555 nm, for example, of
20N plants was 18 and 20%, and that of 0N plants was 30 and 67% greater than the
reflectance from 100N plants at 1st and 4th week of N deprivation, respectively (data not
shown). Similarly, reflectance at 715 nm increased by 15 and 22% for 20N and by 22 and
40% for 0N-treated leaves at 1st and 4th week of N treatment, respectively.
Reflectance centered at 455, 545, 575, and 705 nm showed peaks when analyzed
using linear regression analyses and correlation (Fig. 19A-F and 20A-F). But these single
bands could explain only 60 to 70% (r2 values between 0.60 – 0.70) of variation in
chlorophyll and carotenoids and 72% of variation in leaf N levels (r2 = 0.72) on area and
dry weight-based calculations. First order derivatives ((λ1- λ2)/dλ) of reflectance from
400- 2500 nm increased the correlation of carotenoids and total chlorophyll
concentrations to 75 and 85% at 645 nm waveband region. For leaf N on dry weight and
on area based estimations, the correlation was improved to 85 and 86%, respectively, at
525 nm waveband region. Reflectance values at the single bands namely 455, 545, 575
and 705 nm were used as numerators, and the reflectance values at the rest of the
wavebands from 400 to 2500 nm were divided with the four bands and ratios were
calculated (Fig. 20). The r2 values for simple linear regression of reflectance ratios with
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chlorophyll, carotenoids and leaf N concentrations were calculated and functional
algorithms derived with wavebands that have highest correlation (Table 4).

Reflectance

ratio of bands 705 and 455 nm (r2 = 0.93) had good correlation with chlorophyll
concentration and ratio of bands 705 and 675 nm had good correlation (r2 = 0.80) with
carotenoids concentration. Leaf N concentrations on area and dry weight-based
estimations had good correlation with ratios of bands 545 and 455 nm (r2 = 0.90) (Fig. 21
A-H).
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Figure 18. Effects of N deficiency on castor leaf reflectance sensitivity. Data are means
of spectra collected from the four replications in 100N, 20N and 0N 20 days
after treatment. The reflectance sensitivity = [(Rλ of N-deficient treatment –
Rλ of the control) / Rλ of the control * 100] where λ = 405, 415, 425, …,
2495. Spectra are significantly different at P = 0.05.
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Figure 19. Coefficients of determinations (r2) vs. wavelengths for the relationships
between castor leaf chlorophyll (A, C and E) or carotenoid (B, D and F)
concentrations and leaf reflectance (A and B) at all wavelengths from 400 to
2500 nm or reflectance ratios of R555/Rλ, R575/ Rλ (C, D, E and F) and
R705/ Rλ (C). The r2 values were based on a linear model and data were
pooled over the three treatments and five sampling dates (n = 15).
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Figure 20. Coefficients of determinations (r2) vs. wavelengths for the relationships
between castor leaf N, g m-2 (A, C and E) or leaf N, g kg-1 (B, D and F) levels
and leaf reflectance (A and B) at all wavelengths from 400 to 2500 nm or
reflectance ratios of R545/Rλ (C and D) and R705/ Rλ (E and F). The r2
values were based on a linear model and data were pooled over the three
treatments and eight sampling dates (n = 24).
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Table 4.

Wavebands along with equations and correlation coefficient (r2) for
predicting N and pigment contents derived from the functional
relationships between leaf N, pigments and reflectance parameters in
castor.

Parameters

Best wavebands

Equation

Leaf N, g m-2 leaf area

505, 605

Leaf N, g kg-1 dry
weight
Chlorophyll, μg cm-2

455, 605
635, 505

Carotenoids, μg cm-2

705, 675

Y = -2.67+ 6.67*
(R505/R605)
Y = -0.32 +105.04*
(R455/R605)
Y = 78.05 - 40.01*
(R635/R505)
Y = 13.01 - 1.53*
(R705/R675)

R2
0.90
0.93
0.94
0.80

Nitrogen deficiency caused red-edge reflectance and the peak of first derivatives
of reflectance in 675-755 nm regions of the spectra (red edge; dR/dλ) to move towards
the shorter wavelengths (Fig. 22). When first derivatives of reflectance were used in the
regression analysis, the correlations (r2) between chlorophyll and leaf N concentrations
yielded better than the correlations when simple reflectance was used, but not better than
with reflectance ratios of selected bands (Fig. 22).
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Figure 21. Linear regression of castor leaf area based N (A and B) or leaf dry-weightbased N (C and D) with leaf chlorophyll, carotenoids concentrations (E and
G) with a given reflectance ratio or with (F and H) the first derivative of
reflectance (dR/dλ) at 645 nm, which has the greatest r2 value with leaf
chlorophyll, carotenoids or N concentrations. Data were pooled over the three
treatments and five, eight sampling dates for pigments and N concentrations
from 32 to 64 days after sowing.
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CHAPTER V
DISCUSSION
Plant growth and development will be affected by N nutrition more than by any
other environmental factor when water is not limiting. Castor, a C3 plant native to Africa
and is currently being considered as an alternate bio-fuel crop in the United States,
responds well to N nutrition because of its faster and indeterminate growth habit.
Developing functional algorithms for growth and developmental parameters such as leaf
development, leaf area expansion and stem extension, and photosynthesis are essential
not only for modeling canopy development in the field conditions where N varies greatly
over the season but also for providing essential quantitative knowledge to farm managers
to help manage crops in the field. This is the first known study in castor aimed at
developing functional relationships between leaf N and several growth and
developmental processes, and to provide critical leaf N levels for various facets of castor
plant growth and developmental processes. Also, this is the first known study to provide
N-specific wavebands which can be used to monitor castor plant N both spatially and
temporally and to make appropriate field maps for site-specific applications of N for
optimum yield and for reducing environmental contamination.
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5.1 Nitrogen nutrition effects on growth, development and physiology
Plant height extension that includes all growing internodes, leaf area expansion of
all leaves capable of growth and leaf addition on all braches and mainstem are recognized
as basic phenomena of shoot morphogenesis and growth. As internodes elevates other
organs, leaves particularly for effective PAR capture and interception (Alm et al., 1991;
Morrison et al., 1994; Reddy et. al., 1997), any factor that affects growth and
developmental processes of these organs will affect overall canopy development and
finally yield (Reddy et al., 1997). Developing quantitative relationships between several
processes and leaf N is especially important. In this study, growth and developmental
processes of castor over a period of several days, when the growth was almost linear and
changes in biomass was significant, was quantified to help elucidate these relationships.
Similar to the leaf area development, N nutrition affected stem lengths; the
effects were significant starting after five days of N treatment. By 30 DAT, plants grown
at 100N treatment were 21 and 17% taller than the plants that were grown in the 20N and
0N treatments, respectively. Similar results were observed in cotton (Reddy et al., 1997),
corn (Zhao et al., 2003), sorghum (Zhao et al., 2005a) and big bluestem (Kakani and
Reddy, 2007). Shorter plants resulting from N deficiency might have been due to the N
effects on cell elongation as well cell division (Roggatz et al., 1999). Mainstem node
numbers increased linearly over time in all treatments, N effects were significant at 21
DAT. When averaged across N treatments, castor plants produced a leaf every 3.4 days
during treatment period, similar to the N effects reported in other species (Reddy et al.,
1997; Zhao et al., 2003; 2005a; Kakani and Reddy, 2007). Fewer number of nodes
73

produced under deficient N conditions might have been due to an indirect effect of N
since node addition rates are primarily controlled by temperature and modulated by
carbon demand/supply (Reddy et al., 1997). Decreased net photosynthesis under N
deficient conditions observed in this study will lead to lower carbon supply and thus
resulting in fewer nodes per plant in N-stressed castor plants.
Final leaf size will be the product of cell numbers at the time of leaf primordial
development, cell expansion rates during the leaf growth period, and final sizes of all
cells. Any factor that affects cell numbers and cell elongation will affect individual leaf
sizes and overall leaf area development in plants. Several studies have reported that leaf
growth was the most sensitive process to N supply; a decrease in nitrate supply may lead
to large reductions leaf area expansion rate resulting in smaller leaf sizes (Ingestad and
Lund, 1979; Terry et al., 1983; McDonald and Davis, 1996; Roggatz et al., 1999) similar
to responses in castor reported in this study. Mature leaf size increased as nodal position
up the plant increased to up to Leaf 6 in all N treatments, but remained almost the same
for Leaves 6 to 8, and then showed smaller leaf sizes as nodes increased irrespective of N
treatment. At any given point, only three to four leaves will be expanding in area (Reddy
et al., 1992), and therefore Leaves 14 to 17 might have been in expansion phase when the
experiment was terminated at 64 DAS. Similar leaf size distribution patterns were
reported in cotton (Constable, 1980; Reddy et al., 1992; 1998) and corn (Cao et al.,
1998).
This reduction in leaf size occurred in spite of excellent water status and nutrients
maintained in the soil at all times in the control plants. Even though similar trends in leaf
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sizes were observed in the 20N and 0N treatments in spite of water and other nutrients
maintained in the soil at all times, the percentage reductions in leaf size were dependent
on the stage of leaf development. It appears that leaf growth at lower nodes was probably
limited by substrate because the plant partitions much of the available photosynthate to
roots. Leaves produced at later stages on the plant may also be limited by substrate, and
any factor that affects photosynthate production such as in this study under N deprivation
will exacerbate those effects. The reductions in leaf sizes for the leaves that were in the
expansion phase (Leaves 1-4) were much less (15 and 21% for the 20N and 0N
treatments, respectively, compared to 100N treatment) than the reductions in leaf sizes
for the leaves that were just at initial unfolding stage when the N treatment was initiated
(16 and 23% for the 20N and 0N treatments, respectively, compared to 100N treatment)
or leaves that were initiated after the N deprivation (18 and 49% for the 20N and 0N
treatments, respectively compared to 100N treatment). These observations support the
idea that cell division and cell expansion is highly dependent on N status in the cells.
Roggatz et al. (1999) reported that N deprivation affected leaf area development through
cell division and cell expansion in castor leaves. Palmer et al. (1996) reported that cell
wall properties that assist in cell elongation and turgor maintenance were responsive to
lower leaf area development.
Nitrogen deficiency affected several components of carbon metabolism in the
leaves of castor. In the present study, net photosynthesis declined in all treatments over
the treatment period, but the declines were much steeper in the 20N and 0N treatments
compared to the control. The declines in photosynthesis were similar to the declines in
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leaf N concentrations over the treatment period. When the data from the three N
treatments were regressed against leaf N, a linear relationship was found between leaf net
photosynthesis and leaf N on weight- and leaf area-based estimations between 10 and 70
g N kg-1 or 1 to 3.5 g N m-2. Linear and curvilinear relationships of net photosynthesis
and leaf N have been reported in several other studies in a number of species (Yoshinda
and Coronel, 1976; Brown and Wilson, 1983; Evans et al., 1983; Field, 1983; Sage and
Pearcy, 1987; Reddy et al., 1997; Gerik et al., 1998`; Zhao et al., 2003; 2005a, b).
Castor plants with high levels of leaf N were capable of utilizing more PAR than
plants with low N. The carbon fixation process is expensive in terms of N in C3 plants
such as castor, normally accounting for about 75% of the total N invested in the leaves
(Chapin et al., 1987) and depends on many physiological and biochemical processes.
Even though stomatal conductance decreased with lower leaf N (data not shown), the rate
of decline was much less compared to rates of decline in net photosynthesis. The internal
CO2 concentration (Ci) did not differ between N treatments (data not shown). Therefore,
the decrease in stomatal conductance was not responsible for the decrease in
photosynthesis in castor under N stress conditions. With decreasing leaf N, the
chlorophyll components and carotenoid concentrations, Rubisco activity, quantum
efficiency, light-saturation estimates, and light-saturated electron transport capacity of the
leaves also decreased. The net result was decreased photosynthesis resulting in higher
light and CO2-compensation estimates for the plants with lower leaf N.
Nitrogen deficiency, therefore, affects several physiological and growth processes
resulting in lower biomass production both in vegetative and reproductive parts similar to
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earlier findings (Zhao et al., 2005a, b; Sinclair, 1990; Kakani et al., 2007). Even though
absolute root biomass produced was unchanged between the 100 and 20N treatments and
decreased by 32% in the 0N treatment compared to the 100N, biomass partitioning to
roots was increased by about 58% under the 20N and 0N treatments compared to the
100N treatment. Increased partitioning to roots would enable the plants to scour more N
under stressful conditions. Therefore, N affected several processes in castor that
ultimately lead to lower biomass production and fruit yield. The fruit production
efficiency defined as g of fruit weight kg-1 dry weight declined significantly (17%) under
N stress treatments compared to the control plants.
To assess the influence of N on growth and developmental processes in castor,
environmental productivity index (EPI) concept that was developed by Reddy et al.
(2007) was used in this study. The EPIs are parameterized in the form of N stress indices
for each of the processes, whose numerical value ranges from 0 to 1, where stress index
of 1 indicates zero stress under optimal N conditions and a stress index of 0 indicates
total stress. These indices represent the fractional limitation due to the N stress effects on
various growth and developmental processes in castor (Fig. 23 A and B). Rates of leaf
area expansion and leaf addition followed linear relationships with leaf N while rates of
stem extension followed a quadratic trend (Fig. 23 A and B). The slopes of these
functional relationships, however, varied significantly between processes for N expressed
on weight or area basis. Photosynthesis was less responsive to leaf N deprivation than
other processes. Leaf area expansion was much more sensitive to N deprivation than leaf
or node addition rate. Even though, leaf area expansion and stem elongation rates reached
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almost zero growth rates at similar leaf N concentrations of about 1.4 to 1.5 g N m-2 or 25
g N kg-1, the rate of decline in leaf area expansion was much steeper at moderate leaf N
levels (2.0 to 3.5 g m-2 or 30 to 70 g kg-1). For C3 plants like cotton, the leaf N
concentrations for cessation of stem growth and leaf addition was found to be 1.25 g N
m-2 and leaf area expansion stopped at around 1.5 g m-2 (Reddy et al., 1997). Critical leaf
N values for various growth processes for given crop are rarely reported in the literature.
For cotton, the estimated critical N levels for various growth and developmental
processes from the equations presented by Reddy et al. (1997) were 1.39 g N m-2 for stem
elongation, 1.95 g N m-2 for photosynthesis, 2.11 g N m-2 for leaf area expansion, and
2.18 g N m-2 for node addition rates. The critical N values for castor estimated from the
functional relationships in this study were much higher than the estimated values of
cotton; 2.85 g N m-2 for stem elongation, 3.08 g N m-2 for photosynthesis, 3.12 g N m-2 for
node addition, and 3.31 g N m-2 for leaf area expansion (Table 5). The comparison shows
that castor is more sensitive to leaf N and requires higher leaf N for optimum plant
growth and development. Treatment-season N effects were reflective of the end-of-the
season plant height and whole plant leaf area responses to N treatments; the reductions
were 14 and 38% for plant height and 47 and 75% for whole plant leaf area at 64 DAS
for the 20N and 0N treatments, respectively, when compared to the 100N treatment.
Similarly, plants grown under 20N and 0N treatment produced 55 and 33% less biomass
compared to 100N treatment.
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Figure 23. Influence of leaf N on various growth and developmental processes of
castor expressed as a fraction of the optimum nitrogen for nitrogen
expressed on (A) dry weight (g kg-1) and (B) leaf area (g m-2) basis.
For clarity, data points are shown for photosynthesis measurements.
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Table 5. Critical leaf N levels for 90% of maximum growth and developmental
processes of castor estimated from the growth and developmental processes as a
function of leaf N (Fig. 23) based on area (g m-2 leaf area) and weight (g kg-1
dry weight)-based calculations.
Growth process
Leaf N (g m-2) Leaf N (g kg-1)
Stem elongation rate
2.85
55.3
Node addition rate
3.21
63.0
Leaf expansion rate
3.31
65.4
Photosynthetic rate
3.08
60.3

5.2 Relationships between leaf spectral reflectance and leaf chlorophyll and N
The spectral reflectance of light reflected from leaves and canopies have long
been used to assess plant growth and plant stress intensities. Leaf reflectance, however, is
of particular interest as it manifests color, structure, and chemistry, and any changes in
metabolic disturbance will result in changes in those leaf parameters and thus reflects in
variability in spectral patterns or signatures. Since the majority of leaf N is contained in
protein, N deficiency not only causes decreases in plant growth, photosynthesis, and
chlorophyll production (Longstreth and Nobel, 1980; Reddy et al., 1997; Gerik et al.,
1998) but also causes increases in the amount of reflected radiance from within the leaf
interior, providing an optical and early indicator of stress at specific wavebands of
incident light (Carter, 1993). Castor leaf reflectance was responsive to the changes in
leaf N and chlorophyll concentrations. Even though leaf hyperspectral reflectance
patterns were similar among the N treatments with maximum values in narrow regions of
450-470, 550-570, and 700-720 nm, the intensity of these peaks increased with decrease
in N and chlorophyll concentrations in the leaves. This is particularly evident from both
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spectral curves and reflectance sensitivity curves. These waveband regions accede with
waveband regions reported in earlier studies in several plant species (Everitt et al., 1985;
Blackmer et al., 1994; Read et al., 2002; Goel et al., 2003; Hansen and Schjoerring, 2003;
Zhao et al., 2003; 2005a; b). Carter et al. (1993; 1994) found that reflectance is altered by
stress more consistently at the visible region of the spectrum (≈400-700 nm) than in the
remainder of the incident solar spectrum. Daughtry et al. (2000) used reflectance in the
regions of 515, 715, and 750 nm to find the N deficiencies in corn. Increase in reflectance
at 555 nm was greater (Blackmer et al., 1994; Buscaglia and Varco, 2002) than increase
at 715 nm in cotton and corn.
Even though, leaf reflectance at single wavebands of 455, 545, 575, and 715 nm
showed peaks and registered higher correlations when regressed against leaf N,
chlorophyll, and carotenoid concentrations, they could explain only a small amount of
variation in leaf N (r2 = 0.71 to 0.74), chlorophyll (r2 = 0.70 to 0.72), and carotenoid (r2 =
0.56 to 0.60) concentrations. Waveband ratios, based on reflectance values at the two
most parameter-sensitive (pigments or N) reflectance values, showed that R555/R455 and
R555/R675 and R705/R455 and R705/R665 gave greater r2 values (0.91 to 0.93) for
chlorophyll and R575/R675 and R705/R675 gave greater r2 values (0.80) for carotenoid
concentrations compared to single waveband correlations. Similarly, simple ratios of
R545/R455 and R705/R455 had better correlations with leaf N concentrations expressed
on area (r2 = 0.87) and weight (r2 = 0.89 to 0.90)-based estimations compared to single
waveband correlations. Several other studies also reported that leaf reflectance ratios
were superior to single reflectance values in different species in predicting leaf pigments
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or leaf N concentrations (Tarpley et al., 2000; Carter and Spiering, 2002; Read et al.,
2002; Ferri et al., 2004; Zhao et al., 2003; 2005a, b).
In recent studies for crops like corn and cotton, waveband ratios of 575/526,
712/1040, 517/413, and 415/710 were observed to yield highest possible correlations
between leaf N and canopy/leaf spectral reflectance (Read et al., 2002; Zhao et al., 2003).
Similarly for chlorophyll estimation, waveband ratios 712/1088, 708/915 and 675/700
were found to yield best correlations with spectral reflectance in corn, cotton and soybean
(Chappelle et al., 1992; Zhao et al., 2003; 2005a). These wavebands were somewhat
nearer to the wavebands obtained for castor but not the same wavebands. This can be due
to the variability of reflectance from the crops, due to the differences in internal leaf
structures and leaf chemistry. This indicates the necessity to study and develop individual
crop-specific reflectance algorithms for accurate estimation of N and pigments.
The wavelength of the first derivative maxima or the sharp rise in reflectance at
the short-wavelengths (680-740 nm) known as red-edge shift was first reported by
Collins (1978) to detect changes in vegetation characteristics. Since then, the red-edge
shift has been widely used in remote sensing applications. Several studies found
improved relationship between reflectance and leaf N or pigments in different species
(Tarpley et al., 2000; Lamb et al., 2002; Zhao et al., 2003; 2005a; b; Fridgen and Varco,
2004). In this study, castor red-edge shifted to lower wavelengths with lower leaf N and
pigments consistent with prior studies (Tarpley et al., 2000; Lamb et al., 2002; Zhao et
al., 2003; 2005a; b; Fridgen and Varco, 2004). The intensities of spectral derivatives,
however, did not improve the correlation between red-edge shift and leaf N or pigments
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(r2 = 0.80 to 0.86 for red-edge shift vs. r2 = 0.80 to 0.94 for spectral ratios) in castor. The
correlations found between red-edge shift and leaf N or pigments in castor, however,
were in line with the published results. In a recent study, Kakani and Reddy (2007) found
similar findings in big bluestem.
Overall, castor leaf N could be estimated using reflectance values at R505 and
R605 for area and R455 and R605 for weight-based estimations with greater precision
and accuracy (r2 = 0.90 to 0.93). For castor leaf chlorophyll and carotenoid
concentrations estimations, reflectance wavebands at R635, R505 and R705 and R675,
respectively, would be useful (r2 = 0.80 to 0.94; Table 4). These algorithms might be used
to estimate castor leaf N in the field conditions to assess N status spatially and temporally
for appropriate N management decisions in castor.
.

83

CHAPTER VI
SUMMARY AND CONCLUSIONS
Our results show that castor plant growth such as leaf area development and stem
elongation and developmental aspects such as leaf addition rates are positively correlated
with leaf N concentrations in the leaves. In addition, N deficiency decreased leaf area,
pigment concentrations and photosynthesis of castor leading to lower biomass
accumulation. Maximum growth, developmental and photosynthesis rates were achieved
at about 7.0 g N kg-1 or 3.5 g N m-2 leaf area. Even though all growth and developmental
rates declined with lower leaf N concentrations, leaf area expansion was more sensitive to
leaf N followed by rate of stem elongation, node addition, and photosynthesis. Critical
leaf N concentration (90% of maximum) varied for various processes; 2.85 g m-2 or 55.30
g kg-1 for stem elongation, 3.21 g m-2 or 63.0 g kg-1 node addition rate, 3.31 g m-2 or
65.40 g kg-1 leaf area expansion, and 3.08 g m-2 or 60.30 g kg-1 for photosynthesis.
Among the plant components, leaf dry weight had the greatest decrease under N
deficiency while root:shoot ratio increased under N deficiency. Changes in leaf spectral
reflectance properties, especially in the visible and red-edge regions, were sensitive to
castor N and chlorophyll status of leaves. Spectral ratios of R505/R605 and R455/R605
for leaf N and R635/R505 for chlorophyll might be used to predict health of the castor
plant. Further, first derivatives of reflectance at R525 or R645 nm yielded better
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correlation with leaf N and chlorophyll concentrations. Therefore, N-specific wavebands
and functional relationships developed between leaf N and various growth and
developmental processes will provide adequate information needed for modeling castor
growth and N management. The critical reflectance ratio values estimated from the Nsensitive wavebands (R455/R605) were 0.78 for stem elongation, 0.85 to 0.87 for node
addition and leaf area expansion rates, and 0.82 for photosynthesis based on leaf N
expressed on dry weight basis. Similarly, the critical reflectance values estimated from
the N-sensitive wavebands (R505/R605) were 0.80 for rates of stems, 0.85 to 0.86 for
leaf addition and expansion and 0.83 for photosynthesis based on leaf N expressed on
leaf area basis. In addition, non-destructive measure of leaf spectral reflectance at specific
wavebands will provide a rapid and inexpensive measure of castor leaf N concentration
and thus guide N management in castor production systems when no other nutrients are
deficient. In addition, the identified wavebands (R505, R605, R455, and R605) can be
used to develop multi-spectral hand-held (Read et al., 2003) or air-borne sensors that can
be used in the field to map variability of leaf N for appropriate N management. The
intended outcome will be to apply the necessary amounts of N fertilizer when and where
it is needed to optimize castor N management and yield and consequently in reducing
runoff and leaching of mobile forms of N and thus minimizing the effects of castor
production on surface and ground water quality.
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